Natural and synthetic carbamates act as pseudo-irreversible inhibitors of AChE (acetylcholinesterase) as well as BChE (butyrylcholinesterase), two enzymes involved in neuronal function as well as in the development and progression of AD (Alzheimer's disease). The AChE mode of action is characterized by a rapid carbamoylation of the active-site Ser 200 with release of a leaving group followed by a slow regeneration of enzyme action due to subsequent decarbamoylation. The experimental AD therapeutic bisnorcymserine, a synthetic carbamate, shows an interesting activity and selectivity for BChE, and its clinical development is currently being pursued. We undertook detailed kinetic studies on the activity of the carbamate bisnorcymserine with Tc (Torpedo californica) AChE and, on the basis of the results, crystallized the complex between TcAChE and bisnorcymserine. The X-ray crystal structure showed only the leaving group, bisnoreseroline, trapped at the bottom of the aromatic enzyme gorge. Specifically, bisnoreseroline interacts in a non-covalent way with Ser 200 and His 440 , disrupting the existing interactions within the catalytic triad, and it stacks with Trp 84 at the bottom of the gorge, giving rise to an unprecedented hydrogen-bonding contact. These interactions point to a dominant reversible inhibition mechanism attributable to the leaving group, bisnoreseroline, as revealed by kinetic analysis.
INTRODUCTION
The frequency of age-related neurodegenerative disorders and, in particular, of AD (Alzheimers's disease) is expected to greatly rise with the increasing average age of the population. AD symptoms have been associated with a profound and progressive forebrain cholinergic deficiency, linked to a loss of cholinergic neurons and their cortical projections from the nucleus basalis and accompanying areas in the basal forebrain [1] . Such a progressive deterioration of the normally widespread cholinergic innervations of the cerebral cortex contributes to the hallmark AD behavioural and cognitive disturbances, and is associated with declines in levels of the neurotransmitter ACh (acetylcholine), its rate-limiting synthesis enzyme choline acetyltransferase, and its hydrolysing enzyme AChE (acetylcholinesterase) [1] [2] [3] . This recognition led to the development and use of AChE inhibitors as the initial and primary treatment for this disease [1, 3] . Remarkably, brain levels of an AChE-related enzyme BChE (butyrylcholinesterase), which similarly inactivates ACh [4] , become progressively elevated during AD progression and can likewise be considered a therapeutic target [5, 6] . Mounting evidence suggests that BChE is involved in regulating normal neuronal function [7, 8] and plays a role in the development and progression of AD [4, 9] , particularly in relation to β-amyloid oligomerization, which impacts the toxicity of this critical AD peptide [10] .
The development of new reversible brain-targeted BChE inhibitors was initially made feasible through the synthesis of cymserine analogues [11, 12] . Cymserine (1) (Figure 1 ), a compound designed on the backbone of the natural alkaloid physostigmine, proved to be seven times more selective than the parent compound for human BChE, and 27 times less active as an inhibitor of AChE. Its analogue bisnorcymserine (2) (Figure 1) , however, provided a dramatic increase in selectivity between BChE and AChE: compared with 1, it proved 50-fold more potent against BChE but only 7-fold more potent against AChE, providing it with a BChE selectivity of 110-fold compared with 15-fold for 1 [11, 12] .
AChE and BChE are two closely related enzymes, possessing a sequence homology of over 50 % [13] , their main structural difference being the dimension of an internal catalytic gorge, which in BChE is wider and allows both bulkier compounds to enter it [4, 12] as well as their accommodation at the active site at the base of the gorge itself.
The catalytic site of AChE is at the bottom of a deep narrow gorge lined with conserved aromatic residues [14] . It consists of a CAS (catalytic anionic site), responsible for the accommodation of a charged leaving group and an esteratic site where covalent catalysis occurs. At the narrowest point, midway down the gorge, the channel is restricted to only ∼ 5 Å (1 Å = 0.1 nm) width. This bottleneck is formed by Tyr 121 and Phe 330 [Tc (Torpedo californica) AChE numbering], and in particular this latter residue Abbreviations used: AD, Alzheimer's disease; ACh, acetylcholine; AChE, acetylcholinesterase; ASCh, acetylthiocholine; BChE, butyrylcholinesterase; CAS, catalytic anionic site; MF268, 8-(cis-2,6-dimethylmorpholino) octylcarbamoyl-eseroline; NAP, ( − )-S-3-[1-(dimethylamino)ethyl]phenol; PAS, peripheral anionic site; PEG, poly(ethylene glycol); rmsd, root mean square deviation; Tc, Torpedo californica; TMTFA, m-(N,N,N-trimethylammonio)-2,2,2-trifluoro-1,1-dihydroxyethylbenzene.
The structural co-ordinates reported will appear in the PDB under accession code 3ZV7. 1 To whom correspondence should be addressed (email cecilia.bartolucci@ic.cnr.it). Aging times are noted in the panel. The curves, measured after 3 h and 25 h respectively, were normalized according to the curve in the absence of 2, measured at each time. During the inhibition measurements, the concentrations of 2 and of the enzyme used were half the concentrations of the aged solutions.
is known to contribute to the trafficking of molecules in and out of the gorge consequent to the mobility of its side chain, which allows for different conformations, reflected in a wider or narrower passage. It has hence been called a swinging gate and, in previously solved crystallographic structures of complexes between TcAChE and its inhibitors, has been found in an open, a closed or a midway conformation [15] . At the entrance of the gorge itself is situated a further binding spot, termed the PAS (peripheral anionic site). Substrate binding to this site appears to be the first step in the catalytic cycle whereby orientation and channelling occurs, but, additionally, regulation of the entrance and the exit of molecules can occur [16] .
Compound 2 belongs to the class of pseudo-irreversible carbamate inhibitors, whose mechanism of action is characterized by a rapid initial carbamoylation of the esteratic site of the enzyme resulting from nucleophilic attack by Ser 200 to the carbamate carbonyl group and release of the leaving group, followed by a far slower regeneration of the active enzyme. In the case of 2, the carbamic moiety is represented by the p-isopropylphenyl group, and the leaving group is bisnoreseroline (2a) (Figure 1 ).
Compared with its structural analogues, 1 and its derivatives, 2 is a particularly potent and selective BChE inhibitor [11, 17] that provides an AChE inhibitory component and is being developed as the first preferential BChE inhibitor for the treatment of AD on the basis of its ability to improve cognitive performance with a high safety margin in animal models [6] . To elucidate specific structural determinants contributing to its differential BChE versus AChE selectivity as well as to clarify the clearance mechanism, we investigated the kinetic behaviour of 2. In addition, utilizing X-ray crystallography, we analysed the molecular determinants through which the leaving group 2a interacts with TcAChE.
Interestingly, previous studies of the crystal structures of TcAChE complexed with the two pseudo-irreversible carbamate inhibitors MF268 [8-(cis-2,6-dimethylmorpholino) octylcarbamoyl-eseroline] (PDB code 1OCE) [18] and ganstigmine (PDB code 2BAG) [19] demonstrated that the leaving groups, eseroline (1a) (Figure 1 ) and geneseroline respectively, are not retained within the catalytic pocket of the enzyme, whereas the carbamic moieties, specifically the (cis-2,6-dimethylmorpholino) octyl chain and the 2 -ethylphenyl group respectively, are covalently bound to the O γ of Ser 200 . Furthermore, no major conformational changes relative to the native enzyme structure (PDB code 1EA5) [20] were observed after carbamoylation. In the structure with MF268, the alkyl chain of the carbamic group extends along the enzyme gorge so that the morpholinic group interacts with Trp 279 at the PAS, thereby blocking the gorge entrance. This result consequently supports the hypothesis of the existence of a different route to allow the clearance of bulky leaving groups. Recent studies [21, 22] point to the potential involvement of a further residue, Tyr 442 , in addition to Trp 84 at the bottom of the gorge [23] , whose movement could create an opening that would potentially allow bulky groups to escape.
Analysis of the crystal structure of a complex between TcAChE and rivastigmine [24] , a clinically approved carbamate cholinesterase inhibitor currently in wide use for the treatment of AD [1, 25] Rivastigmine is characterized by unusually slow reactivation kinetics, providing it with a long pharmacological duration of inhibitory action [26] , and the structural data support the hypothesis that this is due to the synergistic effects of the carbamoyl moiety and the leaving group both being bound within the catalytic site.
In light of the dramatic difference in the binding interactions between AChE and the described carbamate inhibitors, analysis of AChE in complex with a leaving group would provide additional information, and compound 2 appeared to be an appropriate candidate for investigation. With the knowledge that 1a inhibits AChE [27, 28] , we could predict that 2a would, likewise, act as an inhibitor. Replacement of the N 1 and N 8 methyl groups of 1a with two hydrogens would be expected to increase the basic nature of these nitrogens, increasing the hydrogenbonding potential of 2a compared with 1a, and allowing it to be more strongly attracted to the active site [11, 12] . We therefore hypothesized that, after TcAChE carbamoylation and reactivation, the leaving group could, on its own, interact at the catalytic site. Furthermore, we knew from structure-activity relationship studies carried out on geneserine analogues [19] that derivatization of the C-4 of the phenyl ring of the carbamic moiety causes an unfavourable binding due to steric hindrance and hence could result in faster decarbamoylation. However, before undertaking the crystallization experiments it was necessary to establish the kinetics of the reaction of AChE with 2 and determine the inhibition and reactivation constants.
MATERIALS AND METHODS

Kinetic studies
A thorough kinetic analysis encompassing the following seven experiments was undertaken. All kinetic experiments were performed at 25
• C, in 25 mM phosphate buffer, pH 7.
(i) Titration of TcAChE active sites
The exact concentration of the active sites of TcAChE was evaluated though enzyme inhibition by the transition state analogue TMTFA [m-(N,N,N-trimethylammonio)-2,2,2-trifluoro-1,1-dihydroxyethyl-benzene]. TMTFA (Calbiochem) is an extremely tight-binding inhibitor and therefore it can be assumed that its reaction with TcAChE follows the simple reaction scheme:
The time course of the residual enzymatic activity (until no further activity change can be detected) was measured in the presence of three different, but similar, concentrations of TMTFA and TcAChE. The fit by non-linear regression of the differential equations (Supplementary Scheme S1 at http://www. BiochemJ.org/bj/444/bj4440269add.htm) to the three datasets allowed the active enzyme concentration to be evaluated [29] .
(ii) Hydrolysis of ASCh (acetylthiocholine) by TcAChE A wide range of substrate concentrations (1 μM-0.2 M) was exploited in order to ascertain all relevant steps in the TcAChE catalytic process and the corresponding kinetic parameters. For the overall kinetic analysis, a seven-intermediate reaction scheme, at first established to illustrate the hydrolysis of ASCh by Drosophila melanogaster AChE, was applied [30] . This model was confirmed to be applicable to Tc and Electrophorus electricus AChEs [16, 31] . The initial rate for the hydrolysis of ASCh by cholinesterase enzyme proceeds according to a MichaelisMenten-like equation (eqn 1; see below). The kinetic parameters were evaluated by simultaneous fit of this equation and its general polynomial form to the data by non-linear regression [16] .
(iii) Inhibition of TcAChE by 2
Aiming to obtain rapid kinetic measurements, TcAChE enzymatic inhibition in the presence of excess concentrations of 2 was monitored on a SF/PQ-53 stopped-flow apparatus (Hi-tech). This procedure was exploited in order to reliably answer the following two questions: (i) is there an instantaneous effect on the TcAChE enzymatic activity by 2; and (ii) the exact time course of product release at different concentrations of 2. Both questions can consistently be addressed only by monitoring the reaction shortly after mixing the reactants. Additionally, measurements in the presence of 2 must be carried out within the linear component of the progress curve, as obtained in the absence of 2. Therefore the concentration of the TcAChE used was 0.95 nM and the concentrations of 2 were 0, 15, 35, 75 and 180 μM respectively. The inhibition was monitored over a time course of 500 s at 0.5 mM ASCh.
(iv) Reactivation of inhibited TcAChE
Enzyme reactivation was monitored using a conventional spectrophotometer, following dilution. It is well known that the decarbamoylation of the TcAChE catalytic serine proceeds over hours. One method to analyse the decarbamoylation process is to dialyse the incubation mixture of enzyme and carbamate. This can simply be achieved by diluting a solution in which the steady-state concentration of the carbamoylated enzyme is in great excess with respect to the non-carbamoylated one. In the reactivation experiments, the enzyme is at first incubated for 45 min with an approximately 10-fold excess concentration of 2.
Then an aliquot of the incubation mixture is diluted 300 times, the substrate (0.5 mM ASCh) and Ellman's reagent [5,5 -dithiobis-(2-nitrobenzoic acid)] (0.66 mM) are added, and the time course of the product formation is monitored for 1-2 h. To avoid depletion of the substrate during the course of the measurements, the concentration of the enzyme after dilution was ∼ 0.1 nM.
(v) Time course of residual enzymatic activity
In order to monitor the complete reaction in a single experiment, the time course of the residual enzymatic activity was measured subsequent to different pre-incubation times, with approximately equimolar concentrations of TcAChE and 2. In the case of reversible inhibitors, the concentrations of the free enzyme and of the complex will time-dependently equilibrate. On the contrary, irreversible inhibitors will eventually poison all of the enzyme unless the latter is in excess. In the case of cholinesterase enzyme and carbamate-based inhibitors, however, the latter react as poor substrates due to their very slow deacylation step. When such a compound reacts at an equimolar concentration with cholinesterase, only one molecule should be hydrolysed per enzyme molecule. Measurement of the residual enzyme activity under these conditions solves two problems. On one hand, at such high concentrations (approximately 0.2-1.2 μM) the complex formation occurs at a high rate and on the other, during the activity measurements, performed after 300-fold dilution, putative reversible complexes with products and/or remaining non-hydrolysed carbamate will instantaneously dissociate. Under these conditions, the time course of residual AChE activity will first decrease and then, upon consumption of all of the carbamate, will again reach the initial value. In the dilution experiments, the TcAChE enzyme and 2 were mixed at several combinations that approached equimolar concentrations in the range 0.2-1.2 μM.
(vi) Inhibition of TcAChE by 'aged' solutions of 2 Spontaneous degradation of 2 was checked by preparing solutions of approximately 2 nM TcAChE and 0.15 mM of 2. Aliquots of 300 μl were mixed; ASCh and DTNB (Ellman's reagent) were added to final concentrations of 0.5 mM and 0.33 mM respectively, and colour development was monitored for 10 min. These measurements were repeated after 3 and 25 h respectively. Product formation in the absence of the inhibitor was always measured prior to inhibition measurements. All curves were normalized to the curves at zero time. In order to compare the shape of the progress curves measured in the presence of 2, the inhibition by 2a of ASCh hydrolysis by TcAChE was monitored over the time course of 500 s. The concentration of the TcAChE used was 1.45 nM and the concentrations of 2a were 0, 2.5, 3.5, 7.5 and 18.0 μM. Since all curves were linear along their whole lengths, it was feasible to exploit the initial rate of ASCh hydrolysis by TcAChE in the presence of 1 μM and 10 μM 2a. The ASCh concentrations used were between 50 μM and 50 mM, i.e. in the interval where all of the relevant information of the action of 2a could be observed. The data analysis was performed by fitting the initial-rate equation for the exclusive binding of either ASCh or 2a simultaneously to the PAS and the CAS (see Supplementary Scheme S1 and the equations therein), to the three initial-rate curves. The actual events in the inhibition process were evaluated according to the basic principles of kinetic analysis.
Initial-rate data analysis in the absence and presence of 2a
Data gathered in the experiments (ii) and (vii) were obtained on the basis of the classical initial-rate measurements of ASCh hydrolysis by TcAChE in the absence as well as in the presence of the leaving group 2a. The data were thoroughly analysed following the previously described [16] reaction scheme (Supplementary Scheme S1) which presumes the existence of a fully occupied active-site gorge as the underlying rational for the well-known substrate inhibition observed in cholinesterases. It is noteworthy that this scheme has also been assessed by X-ray crystallography to gain insights into substrate traffic and inhibition of TcAChE in complex with 500 mM ASCh. In the extended Supplementary Scheme S1, which includes the inhibitor 2a, the latter was allowed to compete, at both the PAS and the CAS, with the substrate ASCh. Interestingly, the analysis revealed that 2a can occupy simultaneously both PAS and CAS of the free enzyme (species IEI in Supplementary Scheme S1), but only the PAS of the acetylated enzyme (species IEA in Supplementary Scheme S1). The initial-rate equation derived from Supplementary Scheme S1 using mixed equilibrium and steady-state assumptions is:
where:
In eqns (1) (2) (3) (4) (5) , [S] and [I] represent the substrate and inhibitor concentrations respectively and [E] 0 is the total enzyme concentration.
Simultaneous analysis of time resolved data in the absence and presence of 2
The time-resolved experiments described in (iii-v) were carried out at only one substrate concentration (0.5 mM ASCh). As the activity of TcAChE at this substrate concentration is close to optimum (Supplementary Figure S1 at http://www.BiochemJ. org/bj/444/bj4440269add.htm), the depletion of the substrate Scheme 1 Reaction scheme for the hydrolysis of compound 2 by TcAChE in the presence of 0.5 mM ASCh E is TcAChE, EA is the acetylated enzyme, EC is the reversible enzyme-2 complex and EC* is the carbamoylated enzyme. S is ASCh, P 1 is thiocholine, P 2 is the acetate, C is 2, LG (leaving group) is 2a and C.A. is the 4-isopropylphenyl carbamic acid moiety (Figure 1 ). during the inhibition and reactivation progress curve measurements can be neglected. The inspection of these progress curves, together with those obtained from the residual activity measurements described in (vi), allows the overall kinetic information to be summarized in the comprehensive reaction Scheme 1. In Scheme 1, due to the single substrate concentration used (0.5 mM ASCh), the substrate hydrolysis is represented by the simple Van Slyke-Cullen reaction pathway, which utilizes only two kinetic parameters: the apparent constant k cat and the apparent specificity constant (k cat /K m ). These two parameters were calculated using eqns (2) and (3) from the evaluated kinetic parameters for the ASCh hydrolysis by TcAChE (Supplementary Table  S1 at http://www.BiochemJ.org/bj/444/bj4440269add.htm). The evaluated constants K i , k 1 and k 2 are listed in Table 1 . The remaining part of Scheme 1 is related to the reaction with the carbamate 2, which proceeds according to the well-known double-intermediate reaction scheme for substrate hydrolysis by cholinesterases. The first reversible step is assumed to be in equilibrium, in agreement with the varying initial rates of the progress curves, as obtained by stopped-flow measurements. It is assumed that the detection reaction is not a rate-limiting step in the time scale used.
The evaluation of Scheme 1 and of the characteristic reaction parameters was carried out by simultaneous fit of the specific differential equations to all of the three sets of inhibition, reactivation and residual activity progress curves, using a nonlinear regression algorithm [29, 32] . An appropriate weighting factor was applied to the residual activity data with respect to the product formation progress curve data.
Crystallization and structure determination
TcAChE was extracted, purified and crystallized as described previously [33] . Owing to its relatively limited solubility in water, bisnorcymserine tartrate was dissolved in DMSO (100 mM) and subsequently mixed with a solution of 100 mM Mes, pH 6.2, and 44 % PEG [poly(ethylene glycol)] 200 so as to have a 10 mM concentration of the inhibitor, into which the TcAChE crystals were transferred and left to soak for 26 h at 4
• C (the final inhibitor concentration was 5 mM).
X-ray diffraction data were collected at the XRD-1 beam line of the Italian synchrotron light laboratory ELETTRA (Trieste, Italy). A MarCCD (charge-coupled device) detector (Mar U.S.A.) and focusing optics were employed for the measurements. The crystals were flash-cooled in a nitrogen stream at 100 K using an Oxford Cryosystems cooling device. Data processing was undertaken with DENZO, SCALEPACK [34] and the CCP4 package [35] . The enzyme-inhibitor structures were determined by Patterson search methods using the refined co-ordinates of the native TcAChE structure [36] (PDB code 1EA5 [20] ) after removal of the water molecules. Crystallographic refinement of the complex was performed with CNS version 1.3 [37, 38] and all of the data within the resolution range were included with no σ cut-off. Bulk solvent correction and anisotropic scaling were applied. The Fourier maps were computed with σ A -weighted (2F o − F c , c ) and (F o − F c , c ) coefficients [39] after initial refinement of the native protein by simulated annealing (at a maximum temperature of 2000 K) followed by maximum likelihood positional and individual isotropic temperature factor refinements. A prominent electron density feature in the catalytic gorge allowed unambiguous fitting of 2a. Carbohydrates (N-acetyl β-D-glucosamine linked at Asn 59 and Asn 416 ) were built in by inspecting electron density maps. Peaks in the difference Fourier maps greater than 2.5 σ were automatically added as water molecules to the atomic model and retained if they met stereochemical requirements and the B factor was less than 75 Å 2 after refinement. Map inspection and model correction during refinement were based on the graphics program O [40] . The crystal parameters, data collection and refinement statistics are summarized in Supplementary Table S2 (at http://www.BiochemJ.org/bj/444/bj4440269add.htm). Structure alignments were performed using the program LSQMAN [41] . Figures were created using PyMOL (http://www.pymol.org) [42] .
Atomic co-ordinates and structure factor amplitudes of the TcAChE-2a complex have been deposited in the Brookhaven Protein Databank under PDB ID code 3ZV7.
RESULTS AND DISCUSSION
Kinetic studies
The time course of residual enzyme activity in the presence of three different TcAChE active-site concentrations, 110, 165 and 220 nM, approximately equimolar to the concentration of TMTFA, was measured (Supplementary Figure S1) . Residual activity was measured as initial rate after the incubation mixture was diluted 300-fold in the presence of 0.5 mM ASCh. The conversion between initial rates and residual enzyme concentration denotes that a 1 nM concentration of TcAChE active sites gives an initial rate of 0.640 absorbance units/min when a 0.5 mM substrate concentration is used (for details see [29] ).
In order to determine the apparent k cat and the apparent specificity constant (k cat /K m ) of TcAChE for ASCh, required for further analysis, we measured the initial enzyme rates for the hydrolysis of the substrate at different concentrations (Supplementary Figure S2 at http://www.BiochemJ.org/ bj/444/bj4440269add.htm). The addition of new data points into our current database [16] had practically no influence on the previously determined parameters for the reaction between ASCh and TcAChE. Since the chosen substrate concentration resulted in optimal enzyme activity, depletion of the substrate during the time course measurements has no significant impact on the It is noteworthy that the obtained k cat values agree with those previously reported in a kinetic study performed under identical experimental conditions [16] , but are 10-fold lower than those obtained from kinetic studies carried out under different experimental conditions [43, 44] .
The results suggest that an instantaneous addition complex between TcAChE and 2 is formed prior to the slow, virtually irreversible, inhibition. However, the time course of product formation after a long pre-incubation time (45 min) of TcAChE with 2 and upon dilution shows a marked reactivation (Supplementary Figure S4 at http://www.BiochemJ. org/bj/444/bj4440269add.htm). Moreover, the analysis of these curves reveals a common reactivation rate. To summarize the two types of experiments in a comprehensive reaction scheme and to verify it, measurements of the residual enzyme activity after different pre-incubation times at approximately equimolar enzyme and 2 concentrations were performed [45] . The curves display a double pattern, with the lowest residual activity, proportional to the free enzyme active-sites concentration, after approximately 20 min of pre-incubation. Scheme 1 is the simplest one that can account for all of the observed phenomena. The simultaneous analysis, using scheme-specific differential equations, yields a set of kinetic parameters that excellently reproduce all data (Supplementary Figure S5 at http://www. BiochemJ.org/bj/444/bj4440269add.htm). Figure 2 shows the inhibition of AChE with 'aged' solutions of 2; in particular, the inhibition was measured immediately after preparing a fresh inhibitor solution, and after 3 h and 25 h of solution aging respectively. The reference curve without inhibitor is linear, whereas all three curves in the presence of the inhibitor are concaved downwards.
However, it is apparent that the curvature is less and less pronounced as the solution of 2 becomes aged, showing that more and more inhibitor is cleaved in phosphate buffer, pH 7.0. Furthermore the initial rate, represented by the tangent at zero time, is slightly decreasing with time. This means that the older the inhibitor solution, the lower are the initial rates, pointing to an increased reversible inhibition. However, when the aged solution of 2 is used, more product is formed during the same time period, which indicates a reduced inhibition of TcAChE due to the carbamoylation of the catalytic serine. This apparent contradiction can be explained if one considers the co-existence of two different inhibition mechanisms, achievable in the presence of both 2 and 2a. In this regard, as the solution gets older and increasingly more 2 is hydrolysed, the instantaneous reversible inhibition caused by 2a prevails when the inhibitor solution is mixed with the enzyme. However, since the concentration of 2 is decreasing, less carbamoylated (covalent) intermediate can be formed and, within 10 min, compared with the previously measured curves, more thiocholine is released.
The kinetic results confirm that 2 reacts with the enzyme as a pseudo-irreversible inhibitor, in a way typical of carbamates, through quick formation of an addition complex followed by a covalent active-site serine conjugate (acyl-enzyme) and subsequent slow decarbamoylation. However, when the kinetic experiments were performed using a 25 h aged solution of 2, a reversible inhibition mechanism could be detected that is dependent on the chemical hydrolysis of 2 over that time. It is also clear from the curves in Supplementary Figure S5 that this inhibition is instantaneous, pointing to a better affinity for TcAChE of 2a over 2.
To prove this hypothesis we investigated the inhibition of TcAChE by 2a, synthesized as enantiomerically pure Simulated time course of residual TcAChE enzyme activity, as a result of the hydrolysis of 2 by TcAChE present in the crystalline state as well as in the mother liquor of the crystallization drop, during long-term soaking. The estimated TcAChE concentration in the mother liquor was 0.25 mM, whereas the added concentration of 2 was 10-fold higher. For the simulation, the proposed reaction model and the evaluated kinetic parameters from Table 1 and Supplementary  Table S1 at http://www.BiochemJ.org/bj/444/bj4440269add.htm were used. Note that when the hydrolysis approaches its completion, the residual activity sharply increases. Figure  S3A) . This result clearly points to a classical instantaneous inhibition and shows 2a to have approximately 10-fold better affinity than 2. Initial rate experiments at 1 μM and 10 μM concentrations of 2a were carried out using a wide range (50 μM-50 mM) of ASCh concentrations. The analysis revealed that the best agreement was achieved applying the reaction model that takes into account both binding sites (PAS and CAS) as shown in Supplementary Scheme S1. The scheme also contemplates the existence of a ternary complex formed by two 2a molecules simultaneously bound into the gorge of the free TcAChE, but not into the gorge of the acetylated enzyme. It turned out that the affinity of 2a (277 nM) at the bottom of the gorge, as established by the present crystal structure determination, is higher than the affinity at the PAS (352 nM). On the other hand, as soon as 2a binds at the PAS, it blocks both acetylation (d = 0.16) as well as deacetylation (c = 0.8) of TcAChE when ASCh is used as substrate (see Supplementary Table S1 ).
Crystal structure of the TcAChE-2a complex
The results obtained from the kinetic analysis confirm that 2a, similar to 1a, indeed possesses its own inhibitory activity against AChE, and that, whether produced enzymatically or not, it binds, showing an even slightly higher affinity than 2. We therefore simulated the development of the residual enzyme activity within the drop at crystallization conditions and were able to predict that in the event that we wished to capture, i.e. not the carbamoylated form of the enzyme, but the leaving group caught within the gorge, we would have to soak the crystal for at least 20 h (Figure 3) . Hence we soaked the crystals of TcAChE for 26 h in a solution of 2 and, thereafter, determined the structure at 2.26 Å resolution.
Analysis of the electron density maps with coefficients (2F o − F c ) and (F o − F c ) computed at the end of the refinement , with an orientation similar to the one observed for the inhibitor tacrine in complex with TcAChE (PDB code 1ACJ) [46] .
More interesting, however, is the comparison with the crystal structures of the TcAChE-rivastigmine conjugate (PDB code 1GQR) [24] as well as with the structure of the TcAChE-NAP complex (PDB code 1QQS) [24] , where NAP is the leaving group of rivastigmine ( Figure 5 ). The phenolic oxygen of 2a forms a hydrogen bond with Ser 200 O γ (2.76 Å) and His 440 N ε2 (2.97 Å) (Figure 4) , thus disrupting the hydrogen bond that exists, in the native enzyme, between these two amino acids of the catalytic triad. In the TcAChE-NAP complex, the phenolic oxygen of the NAP moiety is engaged instead in a 2. . Selected key protein residues are rendered in stick format (carbon atoms coloured green) and labelled appropriately. (B) An overlay of the active-site gorge in the three structures is presented. The inhibitors and the selected protein residues are rendered in stick format. The TcAChE-2a complex, the TcAChE-rivastigmine conjugate (PDB code 1GQR) and the TcAChE-NAP complex (PDB code 1QQS) are coloured magenta, cyan and green respectively. The colour scheme of 2a is as in Figure 4. concomitantly from 3.81 Å to 2.85 Å. Moreover, the position of the main chain C α carbon atom of His 440 in the TcAChErivastigmine conjugate moves by 0.62 Å relative to its position in the native structure, whereas in the TcAChE-NAP and TcAChE2a complexes it moves by only 0.10 Å and 0.20 Å respectively.
The orientations of Trp 84 and of the residues in the oxyanion hole and in the acyl pocket, in the TcAChE-2a and TcAChE-NAP complexes, and the TcAChE-rivastigmine conjugate, are similar to their orientations in the native enzyme. In the TcAChE2a complex, the pyrrolic ring of 2a is stacked against Trp 84 , with an N-H · · · π hydrogen bonding contact [47] Finally within the structure, the presence of some highly conserved water molecules [48] was observed. Additionally, a pentamer fragment of PEG was detected that stretches along the gorge and reaches Trp 279 , analogous to the PEG fragment found within the structures of the complex TcAChE-galanthamine (PDB codes 1QTI [49] and 1DX6 [50] ) as well as the complex TcAChEganstigmine (PDB code 2BAG) [19] .
The experimental data from the present study provide novel kinetic and structural insights into the interaction of 2 with TcAChE. We found that, with a k 2 of 0.011 min − 1 (Table 1) and t 1/2 of 63 min, the decarbamoylation of the TcAChE-2 conjugate, although comparable with that of TcAChE-physostigmine (rate constant of 0.02 min − 1 and t 1/2 of 40 min [51] ), is fast compared with the one of the TcAChE-rivastigmine [24] and TcAChE-MF268 [51] conjugates, which are the most refractory to reactivation. Overall, the kinetic experiments fully support and clarify the X-ray crystallography findings: 2 reacts with Ser 200 in the active site of TcAChE and, following enzyme reactivation, a stable and reversible complex with the leaving group 2a is formed.
A model of the carbamoylated TcAChE-2 conjugate was built by replacing the 2-ethyl phenyl moiety in the TcAChEganstigmine conjugate (PDB code 2BAG) [19] , used as template, with the 4-isopropyl phenyl moiety.
The isopropyl group of the substituent at position 4 of the phenyl ring shows unfavourable close contacts (2.3 Å-3.3 Å) with the O η of Tyr 121 . The side chain conformation of the swinging gate residue Tyr 121 , in contrast with that of Phe 330 , appears to be fixed in TcAChE crystal structures [15] . This result confirms what had already been pointed out by the analysis of the interactions between the carbamic moiety in the structure of the TcAChEganstigmine complex, where the distances of C-4 of the phenyl ring of the 2 -ethylphenyl group were 3.16 Å and 4.37 Å apart from the O η of Tyr 121 and the carbonyl oxygen of Gly 118 respectively. Accordingly, the IC 50 value for TcAChE inhibition in vitro of an analogue of geneserine methylated at position 4 of the phenyl ring (compound 8, see Figure 1 in [19] ), was lower (7.61 μM) than the parent compound (1.71 μM) .
The overlay of the model of the carbamoylated TcAChE-2 conjugate and of the crystallographic structure of the full-length recombinant human BChE (PDB code 2PM8) [52] [rmsd (root mean square deviation) of 0.78 Å], provides a structure-based rationale for the 110-fold selectivity of 2 for BChE defined as IC 50 The curves illustrate the time-dependent residual enzyme activity, which is proportional to the free enzyme concentrations. The ASCh concentration used was 0.5 mM. The initial rates of hydrolysis are shown as a function of ASCh concentration (logarithmic scale): no 2a (᭹), 1 μM 2a (᭺) or 10 μM 2a ( ). These data were used to fit (plain curves) eqn (1) in the main text, derived from Scheme S1. The evaluated kinetic constants are listed in Table S1 .
The structural co-ordinates will appear in the PDB under accession code 3ZV7. 1 To whom correspondence should be addressed (email cecilia.bartolucci@ic.cnr.it). In this Scheme, the substrate ASCh ('S') when bound to the PAS is denoted to the left of E, e.g. SE. When bound to the CAS, the 'S' is placed on the right, e.g. ES. Similarly, IE represents the inhibitor 2a bound to the PAS and EI to the CAS. The covalent acetyl-enzyme is represented by EA, and P 1 (thiocholine) is the first product released upon enzyme acetylation. The release of the acetyl group is denoted by P 2 . The symbols K p and K iP represent dissociation constants, k 2 and k 3 are rate constants, and K L , K LL and K iL and a, b, c and d are dimensionless ratios and proportional factors respectively. Note that 2a does not bind to the PAS of the acetylated enzyme.
